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The steroid hormone 20-hydroxyecdysone (ecdysone) activates a relatively small number of immediate-early genes during Drosophila pupal
development, yet is able to orchestrate distinct differentiation events in a wide variety of tissues. Here, we demonstrate that expression of the
muscle differentiation gene Myocyte enhancer factor-2 (Mef2) is normally delayed in twist-expressing adult myoblasts until the end of the third
larval instar. The late up-regulation of Mef2 transcription in larval myoblasts is an ecdysone-dependent event which acts upon an identified Mef2
enhancer, and we identify enhancer sequences required for up-regulation. We also present evidence that the ecdysone-induced Broad Complex of
zinc finger transcription factor genes is required for full activation of the myogenic program in these cells. Since forced early expression of Mef2
in adult myoblasts leads to premature muscle differentiation, our results explain how and why the adult muscle differentiation program is
attenuated prior to pupal development. We propose a mechanism for the initiation of adult myogenesis, whereby twist expression in myoblasts
provides a cellular context upon which an extrinsic signal builds to control muscle-specific differentiation events, and we discuss the general
relevance of this model for gene regulation in animals.
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Developmental decisions in cells are often the result of both
cell-autonomous and cell-non-autonomous influences. In par-
ticular, hormones released systemically in an animal can have
profound effects upon gene expression and the determination
of cell fate. Understanding how such systemic signals are
interpreted by cells to generate a cell-specific or a tissue-
specific response represents a profound challenge in biology,
yet promises to provide significant insight into developmental
mechanisms and tissue plasticity.
The steroid hormone 20-hydroxyecdysone (ecdysone) trig-
gers many of the developmental changes that occur as the
Drosophila larval body plan is restructured into the adult. It is
now known that many of the effects of ecdysone are carried out
by a relatively small number of immediate-early genes which
are directly activated by the hormone/receptor complex
(reviewed in Riddiford, 1993). Immediate-early genes include0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: rcripps@unm.edu (R.M. Cripps).the Broad Complex (BR-C), which encodes via alternative
RNA splicing four distinct zinc finger transcription factors,
Z1–Z4 (DiBello et al., 1991; Bayer et al., 1996). BR-C gene
products function broadly to control tissue histolysis and
remodeling (Brennan et al., 1998; Restifo and Hauglum, 1998;
Restifo and White, 1992; Dunne et al., 2002; Sandstrom et al.,
1997; Cakouros et al., 2002; Karim et al., 1993). In many
cases, direct transcriptional targets of BR-C isoforms have been
identified (Sgs-4: Von Kalm et al., 1994; Fbp1: Mugat et al.,
2000; DRONC: Cakouros et al., 2002; hsp23: Dubrovsky et al.,
2001; L71-6: Crossgrove et al., 1996). Given that the ecdysone
pathway clearly functions in a number of different tissues, a
key issue that remains to be resolved is to define how systemic
changes in gene expression can have very specific effects in
individual cell types.
The skeletal musculature is remodeled during pupal
development, and it is generally thought that this remodeling
is a direct effect of ecdysone. Most adult muscles arise from the
de novo differentiation of adult muscle precursors, which are
specified during the embryonic stage, proliferate during larval
life, and differentiate during the pupal stage (Bate et al., 1991).88 (2005) 612 – 621
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thoracic imaginal discs during larval development and have
previously been termed adepithelial cells (Poodry and Schnei-
derman, 1970; Bate et al., 1991). These myoblasts migrate to
their future locations shortly after puparium formation, where
they fuse and differentiate to form fibers with adult specific
characteristics (Fernandes et al., 1991). While treatment of
embryonic primary cell cultures with ecdysone can induce the
formation of myotubes characteristic of the adult (Dubendorfer
et al., 1978), and while it is known that the BR-C isoforms Z1
and Z4 are important for adult muscle development (Restifo
and White, 1992; Sandstrom et al., 1997), the mechanisms by
which ecdysone impacts the musculature are still not fully
understood. Clearly, it will be important to characterize the
downstream targets of the immediate-early genes and of the
additional regulatory factors expressed in the adult muscle
precursors to trace how hormonal changes directly affect
muscle development.
Previously, it was demonstrated that the basic, helix–loop–
helix transcription factor Twist was a direct activator of gene
expression in the adepithelial cells. Twist activated expression
of the muscle differentiation gene Myocyte enhancer factor-2
(Mef2) via a conserved 175-bp enhancer element, located
approximately 2 kb upstream of theMef2 transcription start site
(Cripps et al., 1998). Furthermore, Twist was required for the
normal patterning of the adult flight muscles, via activation of
Mef2 (Anant et al., 1998; Cripps and Olson, 1998; Cripps et al.,
1998). Importantly, Twist alone was not sufficient to activate
Mef2 under physiological conditions, since a 30-bp subelement
of the Mef2 enhancer containing the essential Twist binding
site was not sufficient to direct expression in vivo (Cripps et al.,
1998).
In this manuscript, we demonstrate that expression of Mef2
in adult muscle precursor cells is initiated late during larval
development, around the time of the ecdysone pulse that
ultimately induces puparium formation. Mef2 expression is
attenuated in mutants lacking ecdysone and in animals
expressing a dominant-negative form of the ecdysone receptor
in myoblasts. By analysis of BR-C mutants and the 175-bp
Mef2 enhancer, we demonstrate an indirect requirement for BR-
C function in Mef2 activation, via sequences at the distal
region of the enhancer. These data provide a link between the
early signal that induces metamorphosis and the downstream
gene Mef2 which is required for muscle cell fate in the adult
thorax. Our data also support a model to explain the tissue
specificity of hormone-induced changes in gene expression,
whereby Twist expression in the adult myoblasts provides a
cellular context upon which the hormonal signal builds to
control muscle-specific differentiation events.
Materials and methods
Fly stocks and crosses
Drosophila melanogaster was maintained at 25-C on Carpenter’s Medium
(Carpenter, 1950) in plastic vials or bottles. y w were used as control animals.
To stage third instar larvae, food was supplemented with bromophenol blue
(0.05% (w/v); Emery et al., 1994). Larvae with guts full of blue food werecollected for the 18 h before puparium formation (BPF) timepoint, while larvae
in which the blue food had been voided from the gut were collected for the 2
h BPF timepoint. y brnpr3w/Binsn were provided by Dr. R. Ward (University of
Kansas, KS), and hemizygous mutant male larvae were selected from these
stocks using the yellow mouth hooks marker. The temperature-sensitive ecd1
mutant and the UAS-DNEcR line (Cherbas et al., 2003) were provided by the
Bloomington Stock Center (Bloomington, IN). UAS-Mef2 was described in
Cripps et al. (2004). The 1151-Gal4 driver line was from Dr. L. S. Shashidhara
(Hyderabad, India).
Temperature shift experiments were performed using 22-C as the
permissive temperature and 29-C as the restrictive temperature. Briefly, eggs
were collected at 22-C and aged until larvae hatched, at which time larvae were
collected into vials, and the vials split between either the permissive or
restrictive temperatures. When larvae raised at the permissive temperature
began to pupariate, both they and their synchronized siblings were harvested
for imaginal disc staining.
P-element-mediated germline transformation was performed according to
Rubin and Spradling (1982). y w embryos were injected with a mixture of the
transforming plasmid and Delta2-3 transposase source. Transgenic animals
were identified in the G1 generation, and homozygous lines were generated by
standard genetic crosses. At least three lines were tested for each construct.
Mef2 was prematurely expressed in adult muscle precursors using the Gal4-
UAS system (Brand and Perrimon, 1993). Females homozygous for the X-
linked Gal4 driver 1151-Gal4 which is active in adult muscle precursors (Roy
and VijayRaghavan, 1997) were crossed at 29-C to y w P[w+ UAS-
Mef2]WT26A males carrying an X-linked copy of UAS-Mef2. Next, y
w 1151-gal4/y w P[w+ UAS-Mef2]WT26A female offspring were collected at
18 h and 2 h BPF as experimental animals, and y w 1151-gal4/Y sibling males
which lacked the UAS-Mef2 were collected at the same timepoints as negative
controls.
To study the effects of ablating ecdysone function in myoblasts, females
homozygous for an autosomal UAS-DNEcR were crossed to male 1151-Gal4/Y
at 18-C. Control +/Y; UAS-DNEcR/+ male and experimental 1151-Gal4/+;
UAS-DNEcR/+ female third instar larvae were harvested for imaginal disc
staining.
Antibody and histochemical methods
Epitopes were immunologically detected in embryos according to the
method of Patel (1994), and imaginal discs were stained as described
previously (Cripps et al., 1998). Primary antibodies used were mouse anti-h-
galactosidase, 1:1000 (Promega Corp., Madison, WI); rabbit anti-twist, 1:1000
(Thisse et al., 1988); rabbit anti-MEF2, 1:1000 (Lilly et al., 1995); rabbit anti-
ZFH1, 1:1000 (Lai et al., 1991); rabbit anti-MHC, 1:500 (Kiehart and Feghali,
1986); mouse anti-Cut, 1:100 (Blochlinger et al., 1990); mouse anti-BRC-Z1
and mouse anti-BRC-Z3, 1:100 (Emery et al., 1994); rabbit anti-BRC-Z2 and
rabbit anti-BRC-Z4, 1:500 (Mugat et al., 2000). Localized primary antibodies
were detected either histochemically using the Vectastain Elite staining and
detection methods with diamino benzidine substrate (Vector Laboratories,
Burlingame, CA), or using fluorescently labeled secondary antibodies.
Secondary antibodies used were biotinylated goat anti-mouse, 1:500 (Vector
Laboratories); Alexa-Fluor-488 and -568 anti-mouse and Alexa-Fluor-488 or
-568 anti-rabbit, each at 1:2000 (Molecular Probes, Inc., Seattle, WA). Actin
filaments were visualized using Alexa-488 phalloidin (Molecular Probes, Inc.)
at a concentration of 1:500, administered during the incubation with secondary
antibody.
Histochemical staining for h-galactosidase activity was performed using X-
gal substrate as described by Ashburner (1989).
All samples were mounted in 80% (w/v) glycerol in 1 PBS and viewed on
an Olympus BX51 stereomicroscope using either fluorescence or DIC optics.
Confocal microscopy was performed using a BioRad MRC-600 confocal laser
scanning microscope using 488/568 nm excitation in the dual-channel mode
(T1/T2a filter cubes, BioRad, Hercules, CA). Images were captured either
digitally or on film where slides were subsequently scanned. Digital images
were compiled using Adobe Photoshop. When it was necessary to show direct
comparisons of protein accumulation (either at multiple stages in wild-type
controls or when comparing expression levels in experimental versus control
animals), samples were processed and stained at the same time, photographed
Fig. 1. Temporal expression of Mef2 in adult muscle precursor cells. (A)
Confocal images of stage 15 embryos stained for the indicated markers.
Embryos are shown as ventrolateral views with anterior to the left and dorsal to
the top. (Ai) In embryos, Twist (red) and ZFH1 (green) co-accumulated in adult
muscle precursors. Large clusters of these myoblasts were observed in thoracic
segments (T2 and T3 clusters are indicated by arrows), and single or double
clusters of cells were observed in ventral and lateral abdominal segments
respectively (arrowheads). ZFH1 was additionally detected in some cells of the
central nervous system (CNS). (Aii) T3 to A1 region shown at higher
magnification for detail. (Aiii) MEF2 (red) did not accumulate in the adult
myoblasts, as marked by ZFH1 accumulation (green, arrows and arrowheads).
(Aiv) T3 to A1 region is shown at higher magnification for detail. (B)
Accumulation of Cut (green) and MEF2 (red) in third larval instar imaginal
discs. Whereas Cut was readily detected in the adult myoblasts of the wing disc
(white arrows) at both 18 h and 2 h before puparium formation (BPF), MEF2
was barely detected early but was strongly evident later. Discs from each
timepoint were processed in parallel, stained in parallel, and imaged using
identical exposure times for each epitope, to ensure comparable images. T2 (3),
second (third) thoracic segment; A1, first abdominal segment. Scale bars, 100
Am except panels (Aii and Aiv), 50 um.
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for brightness and contrast in identical manners. Multiple samples for each
experiment were analyzed in this way, and representative paired samples are
presented in figures.
Adult thoracic paraffin sections were prepared and stained with hemato-
xylin and eosin as described previously (Cripps et al., 1998). Dorsal
longitudinal muscle fiber counts were determined from dissected half thoraces
as previously described (Peckham et al., 1990; Cripps et al., 1998). Student’s t
test comparisons were performed using an online resource: graphpad.com.
DNA methods
DNA manipulation was using standard techniques (Sambrook et al., 1989).
The 2402/2247 enhancer-lacZ construct was generated by PCR using the
primers 1a2+ (5V-GGGAATTCAAGCTTGGGGTACTCAAAGATCC-3V and
1a- (5V-GGCTCGAGCCTACGGTTGATGCTGC-3V); underlined sequences
represent those included for cloning purposes. The PCR product was
ligated into pGEM-T Easy (Promega Corp.) and subsequently excised and
cloned into the pCasper-hs-hgal vector (CHAB; Thummel and Pirrotta,
1992) for P-element transformation.
Results
Temporal expression of Mef2 in adult muscle precursor cells
It has been previously determined that Twist is a direct
activator of Mef2 expression in the adult myoblasts of wing
imaginal discs of the late third larval instar (Cripps et al.,
1998). Since Twist is a marker of the adult myoblasts from the
late embryonic stage throughout the larval stage (Bate et al.,
1991), we sought to determine if Mef2 was also expressed
during that time. To identify the adult myoblasts in stage 15
embryos, we used an antibody to Zinc finger homeodomain
1(ZFH1). ZFH1 is a transcriptional regulator that accumulates
in the adult muscle precursor cells and a subset of central
nervous system cells at this stage (Lai et al., 1991). Using this
antibody, we confirmed that Twist and ZFH1 were co-
expressed in adult myoblasts: there were large clusters of co-
expressing adult myoblasts in thoracic segments, as indicated
by the arrow pointing to the yellow nuclei in Fig. 1A, and at
higher magnification in Fig. 1Aii. Abdominal segments also
contain smaller clusters of adult muscle precursor cells, which
are indicated in Fig. 1A with arrowheads. These findings are
consistent with those of Bate et al. (1991) and Lai et al. (1991).
By contrast, when we compared MEF2 and ZFH1 accumu-
lation, we did not see significant co-expression of these
proteins (Figs. 1Aiii and iv): none of the thoracic clusters of
ZFH1-positive nuclei showed significant expression of MEF2,
and neither did the abdominal ZFH1-positive nuclei. Thus,
these data support the notion that Twist alone is not sufficient
to activate Mef2 transcription, and that additional regulatory
factors are required.
To identify the time at which Mef2 expression was initiated
in adult myoblasts, we studied MEF2 accumulation during the
third larval instar (Fig. 1B). Imaginal discs from young and
old third instar larvae were double stained for MEF2, plus the
homeodomain protein Cut to visualize the adult myoblasts.
Cut protein was detected in myoblasts at both timepoints
(Blochlinger et al., 1990; Fig. 1B), as well as in cells of the
notum and wing margin (Fig. 2). By contrast, we found thatlarvae aged approximately 18 h before puparium formation
(BPF) did not show MEF2 accumulation in the wing discs,
however, MEF2 was strongly detectable at 2 h BPF. These
data show that Mef2 activation in adult myoblasts occurs just
prior to the time at which these cells begin to realize their
developmental fates.
Mef2 expression is attenuated in young imaginal discs to
prevent premature differentiation
To determine the significance of the increase in MEF2 levels
in adult myoblasts prior to pupariation, we forced Mef2
expression in the adult myoblasts of young larvae using the
GAL4-UAS system (Brand and Perrimon, 1993). We used a
GAL4 driver line termed 1151-Gal4, which is active in the
adult myoblasts (Roy and VijayRaghavan, 1997). By crossing
the 1151-Gal4 line to UAS-lacZ and studying h-galactosidase
activity during the third larval instar, we found that the 1151-
Gal4 line was active in the adult myoblasts at 18 h before
puparium formation (data not shown).
Fig. 2. Early expression of Mef2 in adult myoblasts induces premature differentiation. (A–F) Cut (red) and MHC (green) accumulation in control imaginal
discs (A–C), or discs in which Mef2 was expressed earlier than normal using the 1151-Gal4 driver (D–F). Note the strong accumulation of MHC in the notal
region of experimental discs (arrowheads). (G–H) F-actin, visualized using a fluorescent conjugate of phalloidin, was not detected at high levels in control
discs (G) but was evident in 1151-Gal4 > UAS-Mef2 discs (H). (I, J) Higher magnification views of experimental discs, showing perinuclear MHC
accumulation (I, arrowheads) and striated structures formed by F-actin (J, arrowheads). Scale bar, 100 Am for panels A–H; 25 Am for panels I, J.
T.L. Lovato et al. / Developmental Biology 288 (2005) 612–621 615To express Mef2 prematurely in the imaginal disc myo-
blasts, we crossed 1151-Gal4 females to UAS-Mef2 males and
examined markers of muscle differentiation in the wing discs of
1151-Gal4 > UAS-Mef2 females, compared to the discs of
1151-Gal4 sibling males lacking the UAS construct (see
Materials and methods for details of this cross). We studied
accumulation of myosin heavy-chain protein (MHC) using
immunofluorescence and the accumulation of F-actin using a
fluorescent conjugate of phalloidin.
No significant muscle differentiation was evident in the
control imaginal discs (Figs. 2A–C, G), although low levels
of MHC protein were observed in the region of the discs
containing the myoblasts (Fig. 2B, arrow). By contrast, in the
experimental females, there was a strong increase in the
levels of MHC in the adult myoblasts (Figs. 2D–F). The
accumulation of muscle markers was also observed when we
studied F-actin distribution, which showed significant accu-
mulation in experimental females (Fig. 2H) but not in control
males (Fig. 2G).
We noted that the expanse of cells accumulating MHC was
usually greater that that for F-actin, and MHC was found in
elongated structures in myoblasts surrounding the nuclei
(shown at higher magnification in Fig. 2I). We also noted that
that F-actin accumulated into striated structures resembling
myofibrils (Fig. 2J, arrowheads) although since we did not
observe striations in the MHC stains, it is possible that that
actin might be accumulating into stress fibers. We were not
able to discern, using these stains, if the myoblasts had initiated
fusion to form syncytia.
The data presented in Fig. 2 are from larvae aged 2 h BPF.We
also observed similar results in the discs of larvae aged 18 h BPF
(data not shown).
These results indicated that MEF2 could activate the
myogenic program prematurely in adult muscle precursors.Since our data in Fig. 1 demonstrated that Mef2 expression was
normally attenuated in larval imaginal discs until late in
development, we conclude that tight control of MEF2 function
is required in these cells to prevent premature muscle
differentiation.
Mef2 expression in adult myoblasts correlates with the
expression of ecdysone-induced gene products
To gain insight into how up-regulation of Mef2 expression
occurred, we studied the expression of additional regulatory
factors in the wing discs at the same two stages in imaginal
disc development. The homeodomain protein Cut (Blochlin-
ger et al., 1990) and the basic helix–loop–helix factor Twist
(Bate et al., 1991) showed strong expression at both early and
late timepoints in myoblast development (Figs. 1B and 3A, B).
This indicated that the up-regulation of Mef2 could not be
explained simply by an increase in the expression levels of
these activators. Since ZFH1 has been shown to be an inhibitor
of MEF2 expression in the embryo (Postigo et al., 1999), we
studied ZFH1 levels to determine if Mef2 might be activated
following a late reduction in Zfh1 expression. However, ZFH1
levels also were high at both timepoints (Figs. 3C, D). In
contrast, the Z1 isoform of the Broad Complex (BRC-Z1) was
barely detectable at 18 h BPF but was strongly detected at 2
h BPF (Figs. 3E, F). The expression of several BR-C isoforms
is up-regulated by ecdysone activity during the third larval
instar (Bayer et al., 1996), raising the possibility that the up-
regulation of Mef2 was an ecdysone-dependent event. Further-
more, the timing of Z1 activation in the imaginal disc
myoblasts was similar to that of Mef2, suggesting that these
two factors may be part of a common regulatory network.
Expression of Mef2 in wing imaginal discs depends upon a
175-bp enhancer element located approximately 2 kb upstream
Fig. 3. Expression of adepithelial cell markers during the third larval instar.
Wing imaginal discs from larvae aged 18 h or 2 h BPF were stained for the
presence of: Twist (A, B), which showed accumulation in adepithelial cells at
both timepoints (arrows); ZFH1 (C, D) which showed accumulation at both
timepoints; the Broad Complex Z1 product (BRC-Z1; E, F), which showed a
strong induction at later timepoints; and h-galactosidase activity from the
175-bpMef2-lacZ enhancer construct (G, H), which showed a late up-regulation
comparable to that of the endogenous Mef2 gene. Scale bar, 100 Am.
Fig. 4. Ecdysone is required for Mef2 expression. Accumulation of Cut (green
and MEF2 (red) was monitored in adepithelial cells (arrows) of imaginal discs
from ecd mutant larvae raised at the permissive temperature (A–C), compared
to those raised at the restrictive temperature (D–F). Samples were processed
and imaged in parallel under identical conditions. Note that Cut and MEF2
were readily detected in control animals, yet there was a significant reduction in
MEF2 levels in animals raised at the restrictive temperature. Scale bar, 100 Am
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determine if this enhancer sequence was sufficient to recapi-
tulate the temporal switch in Mef2 expression observed above,
we studied the expression of the 175-bp Mef2 enhancer-lacZ
construct in transgenic larvae at 18 h BPF and 2 h BPF (Figs.
3G, H). We found that the activity of the 175-bp enhancer was
low at the early timepoint but was strongly active 2 h prior to
puparium formation. This pattern of expression was identical to
that of the endogenous Mef2 gene, suggesting that the temporal
change in Mef2 expression is mediated through the 175-bp
enhancer sequences.
Ecdysone function is required for Mef2 activation in adult
muscle precursors
The increase in MEF2 accumulation we observed in adult
myoblasts during late larval development correlated closely
with the timing of an ecdysone pulse which induces larval
wandering and ultimately pupariation (see Riddiford, 1993 for
review), and with the up-regulation of a known ecdysone-
dependent gene product, BRC-Z1 (Fig. 3). We therefore
determined if Mef2 expression was dependent upon ecdysoneproduction by studying MEF2 accumulation in ecdysoneless1
(ecd1) mutant larvae. If mutants homozygous for the ecd1
mutation are raised at a permissive temperature of 22-C, they
produce ecdysone and develop normally; however, if mutants
are raised from the first instar larval stage at a restrictive
temperature of 29-C, there is no late larval ecdysone pulse,
and the larvae fail to pupariate (Garen et al., 1977; Henrich
et al., 1987).
Third instar ecd1 larvae raised at either 22-C or 29-C were
dissected, and MEF2 and Cut accumulation in wing imaginal
discs was studied (Fig. 4). MEF2 and Cut accumulation was
robust in discs from ecd1 larvae raised at the permissive
temperature (Figs. 4A–C). In mutants raised at the restrictive
temperature, MEF2 accumulation was strongly reduced,
compared to Cut levels which did not differ markedly between
control and experimental (Figs. 4D–F). These results indicated
that an ecdysone pulse was critical for the normal activation of
Mef2 in adult myoblasts.
Ecdysone, when bound to a complex of its receptor (EcR)
and the co-activator Ultraspiracle, is a direct activator of gene
expression (Koelle et al., 1991; Thomas et al., 1993; Yao et
al., 1992, 1993). To further test if the ecdysone pathway is
involved in the activation of Mef2, we next determined if
interfering with ecdysone receptor activity affected Mef2
expression. To achieve this, we crossed males of the X-linked)
.
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for a UAS construct controlling a dominant-negative form of
the ecdysone receptor (UAS-DNEcR; Cherbas et al., 2003).
We assayed Cut and MEF2 accumulation in wing imaginal
discs of late third instar larvae from control +/Y; UAS-
DNEcR/+ males, compared to experimental 1151-Gal4/+;
UAS-DNEcR/+ females.
In carrying out this experiment, we initially set up the
crosses at 29-C, since GAL4 function is greater at the higher
incubation temperature (Michelson, 1994), and this would
therefore allow us to more effectively remove ecdysone
receptor activity. However, under these conditions, none of
the experimental animals survived to the late third instar,
presumably due to deleterious effects upon larval viability of
expression of the impaired receptor. Crosses were therefore
carried out at 18-C, which permitted survival of the experi-
mental animals.
In control animals, there was robust accumulation of Cut
and MEF2 in the wing disc myoblasts (Figs. 5A–C). By
contrast, there was a significant reduction in MEF2 (but not
Cut) levels in the experimental animals (Figs. 5D–F). In these
individuals, there was not a complete loss of MEF2 protein. We
attribute this either to the possibility that there is also an EcR-
independent mechanism for Mef2 up-regulation or due to our
inability to completely ablate EcR function due to reduced
GAL4 activity at the lower incubation temperature required in
these crosses. Nevertheless, these data further supported the
hypothesis that activation of Mef2 in larval imaginal discs was
predominantly regulated by the ecdysone pathway.Fig. 5. Ecdysone receptor function is required for Mef2 expression.
Accumulation of Cut (green) and MEF2 (red) was monitored by confocal
microscopy in adepithelial cells (arrows) of imaginal discs. Control larvae
carrying a UAS-DNEcR transgene alone (A–C), or larvae expressing a UAS-
DNEcR transgene under the control of the 1151-Gal4 driver (D–F) were
studied. Samples were processed and imaged in parallel under identical
conditions. Note that Cut (green) and MEF2 (red) were readily detected in
control animals, yet there was a significant reduction in MEF2 levels in animals
in which ecdysone receptor activity had been attenuated. Scale bar, 100 Am.Identification of enhancer sequences required for Mef2
activation in adult myoblasts
Since the 175-bp Mef2 enhancer recapitulated the pattern
of gene expression seen for Mef2 during larval development,
we sought to identify the factors that might be interacting with
this sequence. We did not find consensus binding sites for the
ecdysone receptor (Antoniewski et al., 1996), nor for the
transcription factors encoded by the immediate-early gene
E74 (Urness and Tummel, 1990). Therefore, to identify cis-
acting elements involved in enhancer activation, we per-
formed deletion analysis of the 175-bp enhancer. We found
that deletion of 20 bp from the 5V end of the enhancer to
generate a 156-bp Mef2 enhancer had a dramatic impact upon
transgene expression in adult myoblasts (Fig. 6). Lines
carrying the wild-type enhancer showed strong h-galactosi-
dase activity in the adult myoblasts (Cripps et al., 1998; Fig.
6A), whereas the 156-bp enhancer was barely active in all
lines tested (Fig. 6B). This result indicated that the 5V portion
of the enhancer is essential for its activity in adult myoblasts
and identified this region as a possible target for ecdysone-
dependent gene regulation.
A previous study has shown that the 175-bp enhancer is also
active at the embryonic stage in skeletal muscle precursors
(Cripps et al., 1998); therefore, we compared the embryonic
activities of the 175-bp and 156-bp enhancers. Interestingly, we
found that both enhancers were strongly active in embryos,
although there was a slightly reduced activity of the 5V deleted
enhancer compared to the full-length (Figs. 6C, D). This
observation suggested that the 20 bp deleted from the 175-bp
enhancer to generate the 156-bp construct contains specific
response elements for activation of Mef2 in adult myoblasts,
rather than a general factor necessary for enhancer activation in
all contexts.
Requirement of the Broad Complex for full activation of Mef2
expression
Within the 20 bp of DNA deleted in the above experiment
were sequences that weakly resembled the binding sites for the
zinc finger transcription factors of the BR-C (Hodgetts et al.,
1995; Crossgrove et al., 1996; Von Kalm et al., 1994). Since the
BR-C has been shown to mediate gene activation in response to
ecdysone, we considered the BR-C gene products to be
excellent candidates for direct regulation of Mef2. Therefore,
we studied the accumulation of MEF2 in the imaginal discs of
control wild-type siblings and brnpr-3 mutants which lack BR-C
function (Fig. 7). When compared to controls (panels A–C),
there was a significant, but not complete, reduction in the level
of MEF2 in mutants (panels D–F). However, there were no
effects upon Mef2 expression of mutations affecting any of the
Z1, Z2, or Z3 BR-C isoforms individually (data not shown),
perhaps due to the documented functional redundancy between
many of these products (see for example Bayer et al., 1997;
Sandstrom et al., 1997).
These results indicated that although the 5V enhancer
sequence was required for enhancer activity in myoblasts, it
Fig. 6. Distal sequences are required for Mef2 enhancer activity in imaginal discs but not in embryos. To the left are shown diagrammatic representations of the two
enhancers tested. Shown is the location of the Twist binding site (Blue box) and the location of the DNA sequences relative to theMef2 transcription start site. (A, B)
Ability of the indicated enhancers to activate lacZ expression in wing imaginal disc adepithelial cells (arrows) was visualized by X-gal staining. The full-length
enhancer was active (A); however, 5V deletion of the enhancer reduced its activity (B). (C, D) Both enhancers were able to activate lacZ expression in stage 10
embryonic skeletal myoblasts (arrowheads), although activity of the 5V deletion enhancer was slightly reduced in all lines tested. Scale bar, 100 Am.
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is because removal of the 5V sequence ablated enhancer activity
almost completely, whereas removal of BR-C function had an
incomplete effect upon Mef2 expression. In further support of
this conclusion, although antibody stains have indicated that
isoforms Z1, Z2, and Z4 are detected in myoblasts of larvae
and young pupae (Sandstrom et al., 1997; data not shown), we
have been unable to demonstrate binding of any of these three
factors to the Mef2 enhancer sequence using in vitro DNA
binding assays. We therefore conclude that while the BR-CFig. 7. Mef2 expression is reduced in brnpr3 mutants of the Broad Complex.
Females of the genotype Binsn, y+/y brnpr3; +;+ were crossed to y w/Y males.
Binsn, y+/Y control male offspring (A–C) and males with yellow mouth hooks
(and therefore of the genotype y brnpr3/Y; D–F) were collected, and imaginal
discs were stained for Cut (green; A, C, D, F) and MEF2 (red; B, C, E, F).
Samples were processed and imaged in parallel under identical conditions.
Strong MEF2 staining was observed in the adepithelial cells (arrows) of control
males (B, C), yet MEF2 signal was reduced in mutant males (E, F). Scale bar,
100 Am.influences ecdysone-dependent Mef2 expression, it does so
indirectly and not through direct binding to the 175-bp
enhancer.
Previous studies have defined important roles for Twist and
MEF2 in controlling fiber number and patterning in the adult
musculature. Each is required for normal fiber number in the
dorsal longitudinal indirect flight muscles (DLMs; Ranga-
nayakulu et al., 1995; Cripps and Olson, 1998; Nguyen et al.,
2002; Baker et al., 2005), and Mef2 is also required for
correct organization of the tergal depressor of the trochanter
(TDT) or ‘‘jump’’ muscle (Baker et al., 2005). Since Fig. 7
demonstrated a role for the BR-C in activation of Mef2 by
Twist, we determined whether the three factors interacted
genetically in adult muscle patterning. To do this, we studied
DLM fiber number and TDT patterning in the adult thoraces
of several mutant combinations compared to wild type: single
heterozygotes for mutations in twist, Mef2, and the BR-C;
double heterozygotes for all pair-wise combinations of these
mutants; and triple heterozygotes for mutations in all three
genes.Table 1
Effects upon DLM fiber number and TDT patterning in mutants affecting Mef2
expression
Genotype Reduction DLM phenotype+ TDT phenotype+
in gene
copy #
n # Fibers SEM n % Affected
yw/yw; +/+ 0 20 6.0 0.0 10 0
brnpr3/+; +/+ 1 15 6.0 0.0 9 0
+; twi1/+ 1 19 5.9 0.2 9 22
+; Mef2P544/+ 1 18 5.9 0.2 10 20
brnpr3/+; twi1/+ 2 17 5.8* 0.4 NT –
brnpr3/+;
Mef2P544/+
2 19 5.9 0.2 8 38
+; twi1/
Mef2P544
2 19 5.8 0.5 10 60
brnpr3/+; twi1/
Mef2P544
3 18 5.2** 0.9 11 83
n, number tested; NT, not tested.
+, Fiber numbers per hemithorax are listed for each genotype.
++, Percentage of TDT muscles examined showing abnormalities of fibe
patterning.
* Differs significantly from y w controls (0.01 < P < 0.05).
** Differs highly significantly from y w controls (P < 0.001).r
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DLM fiber number of approximately six fibers per
hemithorax and did not differ significantly from counts
for y w (Table 1). There was a significant (0.01 < P <
0.05) reduction in fiber number for the brnpr3/+; twi1/+
adults. More strikingly, the triple-mutant combination
showed a highly significant (P < 0.001) reduction in fiber
number from 6.0 to 5.2 fibers per hemithorax (Table 1 and
Figs. 8A, B).
TDT organization was studied in horizontal sections of
adult thoraces. Wild-type TDT comprises four small fibers at
the anterior edge of the muscle and 18–28 larger oblong-
shaped fibers arranged around a lumen (Fig. 8C; see also
O’Donnell et al., 1989; Peckham et al., 1990). Almost all
mutant combinations studied showed defects in TDT organi-
zation in a subset of individuals. These defects comprised
either ectopic fibers located in the lumen of the muscle or
fibers which in cross-section appeared to be pushed either
towards or away from the lumen. In some cases, there were
additional small cells in the anterior of the muscle. Importantly,
the frequency of TDT defects that we observed increased as
gene copy number reduced in the combinations that we
studied, such that in the triple-mutant combination over 80%
of muscles examined showed patterning defects (Figs. 8C–E
and Table 1).
Since the DLM and TDT muscle defects increased in either
severity or frequency as the copy number of genes involved in
MEF2 function was reduced, and since the data presented
elsewhere in this work showed a requirement for the BR-C for
full activation ofMef2, we conclude that twist and the BR-C actFig. 8. A genetic interaction between twist, Mef2, and BR-C affects adult
muscle patterning. (A, B) Transverse sections of adult thoraces are shown to
indicate DLM fibers. Dorsal is to the top. (A) y w control animals display six
pairs of DLM fibers in the thorax (arrows). (B) Triple-mutant heterozygotes
frequently displayed a reduction in DLM fiber number; this sample shows six
fibers in one hemithorax (arrows), but only four fibers in the other half thorax
(arrowheads). (C–E) Horizontal sections of adult thoraces to show the
ultrastructure of the TDT muscle. (C) y w control animals have TDT muscles
comprising four small cells (sc) and ¨20 large cells (lc) arranged around a
small lumen. (D) brnpr3/+; Mef2P544/+ double-heterozygotes displayed
occasional defects, here showing an ectopic fiber in the lumen. (E) Almost
all brnpr3/+; Mef2P544/twi1 triple heterozygotes displayed defects in TDT fiber
patterning, including additional small cells, internal fibers (central arrowheads)
and some fibers pushed to the periphery (arrowhead with asterisk). Scale bars,
100 Am for panels A and B, 50 Am for panels C–E.co-operatively to regulate adult myogenesis via activation of
Mef2 transcription.
Discussion
The steroid hormone ecdysone functions broadly in
Drosophila to control molting and metamorphosis during the
life cycle, and much research has concentrated upon the
mechanisms of its action. Ecdysone is known to induce a
number of immediate-early genes, which mediate transcrip-
tional responses to hormone levels (reviewed in Thummel,
2002). However, since ecdysone is a systemic signal, and since
many of the immediate-early genes are expressed in multiple
tissues, a central challenge in the field has been to understand
how widespread activation of immediate-early genes can have
specific effects in different target tissues.
Here, we have shown that temporal expression of Mef2 in
adult myoblasts occurs as a result of the ecdysone pathway.
Our finding that Mef2 expression in adult myoblasts is low
prior to the onset of pupariation is consistent with the known
role of Mef2 in muscle differentiation (Lilly et al., 1995; Bour
et al., 1995; Ornatsky et al., 1997). Since the adult myoblasts
do not initiate differentiation until after puparium formation
(Fernandes et al., 1991), this might account for why Mef2
expression is absent in young myoblasts. In fact, we show that
early expression of Mef2 in adult myoblasts causes premature
differentiation of these cells. While we cannot exclude the
possibility that this premature differentiation results from the
demonstrated ability of high levels of Drosophila MEF2 to
inappropriately induce myogenesis (M.-H. Lin et al.,
1997a,b), this seems unlikely given the profound myogenesis
which we observe in the imaginal discs.
Anant et al. (1998) have shown that sustained expression of
twist in the adult myoblasts prevents normal muscle differen-
tiation, and that Twist levels must decline during the pupal
stage for normal adult muscle development to occur. Here, we
have shown that forced expression of Mef2 in the discs can
induce muscle differentiation; however, we do not know if such
Mef2 expression attenuates Twist levels, or if the myogenesis
we observe occurs concurrently with twist expression.
Since the BR-C is expressed in many tissues late during
larval development, the myoblast-specific activation of Mef2
must also depend upon an additional factor(s). This factor is
likely to be the myoblast marker Twist, which is expressed in
the adult myoblasts throughout the larval stage (Bate et al.,
1991) and which was previously shown to be an essential
activator of Mef2 transcription (Cripps et al., 1998). Further-
more, the temporal and tissue-specific signals are integrated at
the genome level via the 175-bp Mef2 enhancer.
We therefore propose that systemic signals such as ecdysone
and immediate-early gene activation have specific effects in
distinct tissues via interpretation of the systemic signals by a
tissue-specific factor: Twist in the case of the adult myoblasts.
These findings are analogous to those of Brodu et al. (1999)
who studied the activation of Fbp1 in fat body cells at the late
third larval instar. They found that Fbp1 activation resulted
from the combined effects of ecdysone/EcR complex and the
T.L. Lovato et al. / Developmental Biology 288 (2005) 612–621620tissue-specific factor dGATAb. Our findings support this model
of the specificity of hormone action and extend them to apply
to the formation of the adult musculature. The interpretation of
systemic hormone signals by cell-autonomous factors is a
powerful mechanism to control gene expression: Drori et al.
(2005) recently showed that a gut epithelial cell-specific
response to the nuclear hormone receptor PPAR-gamma
requires the tissue-specific co-activator Hic-1.
Our data also provide a novel mechanism for regulating
Mef2 expression in the animal. Ours is the first demonstration
that MEF2 levels in vivo can be regulated by hormone action,
and this may be a broadly relevant paradigm. Indeed,
Scicchitano et al. (2002) show that in cultured mammalian
myotubes, mef2 mRNAs are induced by treatment with
nonapeptide Arg-8 vasopressin. This mechanism is also
similar to that of Lee et al. (1997) who demonstrated that
in vertebrates MEF2 and thyroid hormone receptor interact
with each other and synergistically activate the alpha cardiac
myosin heavy-chain gene. These reports, and the data we
present here, support an important role for hormones in
impacting muscle development and underline the utility of the
Drosophila system for defining these important mechanisms.
To date, we have been unable to identify how the effects
of ecdysone are directly mediated on the Mef2 gene. There
is a requirement for the function of the BR-C, and
involvement of this gene complex is attractive given both
the expression of BR-C isoforms in the developing adult
muscles (Sandstrom et al., 1997; our data not shown) and a
demonstrated role of the Z1 and Z4 isoforms in controlling
indirect flight muscle development (Restifo and White, 1992;
Sandstrom et al., 1997). Several studies have identified
complex cross-regulatory interactions among ecdysone im-
mediate-early genes (see for example Karim et al., 1993).
This complexity may explain the partial requirement of the
BR-C for Mef2 activation and suggests that the direct
regulation of Mef2 in adult myoblasts might be complex.
Nevertheless, our studies define how the onset of adult
myogenesis is orchestrated and also define the Mef2
enhancer as an ecdysone-responsive element. Identification
of the factors that interact with the Mef2 enhancer will
ultimately provide important insight into the mechanisms of
hormone-induced gene regulation and differentiation.
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